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HL-LHC prospects for measurement of 1st and 2nd generation quark Yukawa couplings

|κu | ≤ 570, |κd | ≤ 270, |κs | ≤ 13, |κc | ≤ 1.2
[de Blas, Cepeda, d’Hondt et al ’19]

global fit, not completely model-independent

κ = yq /ySM
q
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HL-LHC prospects for measurement of 1st and 2nd generation quark Yukawa couplings

|κu | ≤ 570, |κd | ≤ 270, |κs | ≤ 13, |κc | ≤ 1.2

global fit, not completely model-independent

Alternative ways:

• Higgs kinematics: Higgs+jet transverse momentum distribution
[Bishara Haisch, Monni, Re ’16;  
Soreq, Zhu, Zupan ’16]

• Higgs decays to photon and vector mesons
[Bodwin, Pietrello, Stoynev, Velasco ’13; Kagan,  
Perez, Pietrello, Soreq, Stoynev, Zupan ’14;  
Alte, König, Neubert ’16  
ATLAS 1712.02758, CMS 2007.05122]

[Perez, Soreq, Stamou, Tobioka ’15;  
Brivio, Goertz, Isidori ’15;  
ATLAS 1802.04329, CMS 1912.01662;  
Duarte-Campderros, Perez, Schlaffer, Soffer '18]

• Charm tagging (strange tagging at lepton colliders)

κ = yq /ySM
q [de Blas, Cepeda, d’Hondt et al ’19]
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HL-LHC prospects for measurement of 1st and 2nd generation quark Yukawa couplings

|κu | ≤ 570, |κd | ≤ 270, |κs | ≤ 13, |κc | ≤ 1.2

global fit, not completely model-independent

Alternative ways:

• Higgs kinematics: Higgs+jet transverse momentum distribution
[Bishara Haisch, Monni, Re ’16;  
Soreq, Zhu, Zupan ’16]

• Higgs decays to photon and vector mesons
[Bodwin, Pietrello, Stoynev, Velasco ’13; Kagan,  
Perez, Pietrello, Soreq, Stoynev, Zupan ’14;  
Alte, König, Neubert ’16  
ATLAS 1712.02758, CMS 2007.05122]

• Charm tagging (strange tagging at lepton colliders)
[Perez, Soreq, Stamou, Tobioka ’15;  
Brivio, Goertz, Isidori ’15;  
ATLAS 1802.04329, CMS 1912.01662;  
Duarte-Campderros, Perez, Schlaffer, Soffer '18]

In this talk: explore the potential of Higgs pair production for measuring the light quark 
Yukawa couplings 

κ = yq /ySM
q [de Blas, Cepeda, d’Hondt et al ’19]
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ℒSM ⊃ − yu
ijQ̄
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Lϕ̃uj
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i
Lϕdj

R + h . c .

At dim-6 level the Higgs couplings to fermions are modified by the operator

ℒdim 6 ⊃
cu

ij

Λ2
(ϕ†ϕ)Q̄i

Lϕ̃uj
R +

cd
ij

Λ2
(ϕ†ϕ)Q̄i

Lϕdj
R + h . c .

Couplings:

ghq̄iqj
=

mqi

v
δij −

v2

Λ2

cq
ij

2
ghhq̄iqj

= −
3

2 2

v2

Λ2
cq

ij
direct coupling to 

Higgs pair

In the following consider only flavour diagonal case.

Notation:

ghq̄q = κqgSM
hq̄q ghhq̄q = −

3
2

1 − κq

v
gSM

hq̄q
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Higgs pair production in SM, gluon fusion dominated by heavy quark loops

enhanced light Yukawa couplings
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contribution most important for 1st generation (given the coupling limits)
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[Alasfar, Corral Lopez, RG ’19]

[Alasfar, Corral Lopez, RG ’19]

increase of cross section,  
(also modified distributions)

decrease of BR for typical di-
Higgs final state
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[Alasfar, Corral Lopez, RG ’19]

Results comparable to other direct methods,  
note that one can probe “non-linarities” in 1st/2nd generation 

06



   Ramona Gröber — Università di Padova and INFN, Sezione di Padova                                              / 08

                                                                                          Results 2nd generation
Making use of techniques applied in [Kim et al ’16. Perez et al. ’15 ’16]

The final state hh → c̄cγγ can be probed making use of b-mistagging in hh → b̄bγγ

4.4.1 Results for non-linear EFT

We will consider in this part a non-linear EFT as introduced in eq. (15). By expanding in
the chiral modes, taking the 0th mode and the flavour diagonal terms, we get

� L = qL

mq

v

⇣
v + cqh +

cqq

v
h
2 + . . .

⌘
qR + h.c, (53)

where we rescaled the coe�cients kq and k2q of eq. (15) as kq,ii =
p

2cqmq/v and k2q,ii =
p

2cqqmq/v
2. Unlike the linear EFT, the Wilson coe�cients cq and cqq are independent of

each other leading to the coupling constants

ghqiqi
= cqg

SM
hqiqi

, ghhqiqi
=

cqqg
SM
hqiqi

v
. (54)

We can observe that compared to SMEFT (see eq. (10)) the interaction hhqq becomes
independent of the Yukawa coupling hqq, with the first contributing to the contact interaction
diagram and the latter to the ŝ channel Higgs exchange diagram and the t̂ and û channel
diagrams as shown in fig. 5. As we found already for SMEFT, the ggF process depends only
very little on the modifications of the light quark coupling to the Higgs boson, hence barely
changes for the considered values of the coe�cients cq and cqq. The Higgs boson decays are
only a↵ected by a variation of cq but not cqq, as the latter does not contribute to single Higgs
interactions. We have observed that the shape of the di↵erential hh production distribution
is dominated by a change of the hhqq coupling, hence the e�ciency changed in a similar
way to the linear EFT when changing cqq and remained almost constant when changing cq

alone. Unlike the linear EFT case, we have two parameters to vary independently per quark
flavour, making a total of eight Wilson coe�cients when restricting ourselves to the first and
second generation.

The analysis used is identical to the one of the linear EFT, with the same statistical
technique, except here we have used spline functions to fit the signal strength µ, as it yielded
a better fit result than the simple model of eq. (49), though the same test statistics was
utilised as for the SMEFT case. The thus obtained sensitivity bounds are given in fig. 14.
We observe that without the hhqq interaction, one cannot set bounds on any of the light
Yukawa couplings from Higgs pair production. We remark though that in case any deviation
in the light Yukawa couplings is observed, the di-Higgs channel can distinguish whether
electroweak symmetry breaking is realised linearly or non-linearly.

4.5 Charm-tagging and second generation bounds

In order to set bounds on the second generation Yukawa couplings, we use the method
developed in [9, 99] that re-analyses final states with b-quarks based on the mistagging of
c-jets as b-jets in associated V H production. The analysis relies on the current CMS [100]
and ATLAS [101] working points for b-tagging, as illustrated in the table 4. The signal
strength estimator when considering the mistagging probability of b-jets to c-jets (i.e. c-jet
contamination of b-tagged jets) ✏b!c is

µ̂ =
�hh Bb ✏b1 ✏b2 ✏f + �hh Bc ✏b!c,1 ✏b!c,2 ✏f

�
SM
hh B

SM
b ✏b1 ✏b2

, (55)

23

c-jet contamination of 
tagged b-jets

Not yet sufficient to obtain good sensitivity, introduce also c-tagging. 

°200 °150 °100 °50 0 50 100 150 200
∑s

°20

°15

°10

°5

0

5

10

15

20

∑
c

pp ! hh ! bb̄∞∞, c-tag (III)

Profiling @ 95 % CL
∑c 2 [°4.8, 4.6]

∑s 2 [°102, 103]

.

68% CL

95% CL

HL-LHC:
p

s =14 TeV, L= 3 ab°1

[Alasfar, Corral Lopez, RG ’19]
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                                                                                          Conclusion
Higgs pair production can provide DIRECT bounds on light quark Yukawa couplings.

Increase of cross section due to hhq̄q coupling.

Study for snowmass:

• Investigate future collider options 

• Confront with other direct probes (Higgs+jet, …)

• UV-models [see Samuels and Douglas talk today]

Thanks for your attention and:  

Let us know if you like to join forces!
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2nd generation: exploit charm tagging.



Backup



   Ramona Gröber — Università di Padova and INFN, Sezione di Padova                                              / 08

                                                                                          Invariant mass distribution

10

300 400 500 600 700 800
Mhh [GeV]

0.000

0.001

0.002

0.003

0.004

0.005

1 æ
dæ

dM
h
h
[1

/G
eV

]
.

SM (NNLO)

ghcc̄ = gSM
hbb̄

ghss̄ = gSM
hbb̄
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[Alasfar, Corral Lopez, RG ’19] [Alasfar, Corral Lopez, RG ’19]4.4.1 Results for non-linear EFT

We will consider in this part a non-linear EFT as introduced in eq. (15). By expanding in
the chiral modes, taking the 0th mode and the flavour diagonal terms, we get

� L = qL

mq

v

⇣
v + cqh +

cqq

v
h
2 + . . .

⌘
qR + h.c, (53)

where we rescaled the coe�cients kq and k2q of eq. (15) as kq,ii =
p

2cqmq/v and k2q,ii =
p

2cqqmq/v
2. Unlike the linear EFT, the Wilson coe�cients cq and cqq are independent of

each other leading to the coupling constants

ghqiqi
= cqg

SM
hqiqi

, ghhqiqi
=

cqqg
SM
hqiqi

v
. (54)

We can observe that compared to SMEFT (see eq. (10)) the interaction hhqq becomes
independent of the Yukawa coupling hqq, with the first contributing to the contact interaction
diagram and the latter to the ŝ channel Higgs exchange diagram and the t̂ and û channel
diagrams as shown in fig. 5. As we found already for SMEFT, the ggF process depends only
very little on the modifications of the light quark coupling to the Higgs boson, hence barely
changes for the considered values of the coe�cients cq and cqq. The Higgs boson decays are
only a↵ected by a variation of cq but not cqq, as the latter does not contribute to single Higgs
interactions. We have observed that the shape of the di↵erential hh production distribution
is dominated by a change of the hhqq coupling, hence the e�ciency changed in a similar
way to the linear EFT when changing cqq and remained almost constant when changing cq

alone. Unlike the linear EFT case, we have two parameters to vary independently per quark
flavour, making a total of eight Wilson coe�cients when restricting ourselves to the first and
second generation.

The analysis used is identical to the one of the linear EFT, with the same statistical
technique, except here we have used spline functions to fit the signal strength µ, as it yielded
a better fit result than the simple model of eq. (49), though the same test statistics was
utilised as for the SMEFT case. The thus obtained sensitivity bounds are given in fig. 14.
We observe that without the hhqq interaction, one cannot set bounds on any of the light
Yukawa couplings from Higgs pair production. We remark though that in case any deviation
in the light Yukawa couplings is observed, the di-Higgs channel can distinguish whether
electroweak symmetry breaking is realised linearly or non-linearly.

4.5 Charm-tagging and second generation bounds

In order to set bounds on the second generation Yukawa couplings, we use the method
developed in [9, 99] that re-analyses final states with b-quarks based on the mistagging of
c-jets as b-jets in associated V H production. The analysis relies on the current CMS [100]
and ATLAS [101] working points for b-tagging, as illustrated in the table 4. The signal
strength estimator when considering the mistagging probability of b-jets to c-jets (i.e. c-jet
contamination of b-tagged jets) ✏b!c is

µ̂ =
�hh Bb ✏b1 ✏b2 ✏f + �hh Bc ✏b!c,1 ✏b!c,2 ✏f

�
SM
hh B

SM
b ✏b1 ✏b2

, (55)

23

Di-Higgs can tell us if the Higgs behaves non-linearly
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Probing hh ! c̄cgg

Applying the technique developed by D. Kim et al. �6 & G. Perez et al.(’�� ’�6),
it is possbile to probe the �nal state hh ! c̄cgg without full c� tagging
The singnal strength is
given by

µ̂ = µb ef + 0.05 ·
⇣

eb-tag
c/b

⌘2
ef · µc ,

The ratio of a �avour
f -tagging ef�ciencies is
de�ned as
⇣

e
f1-tag
c/b

⌘2
=

ef1 ! f2,1ef1 ! f2,2

ef11ef12
.

c-tagging ec ec ! b µc(up) ��% CL

c-tag I 19% 13% 10.1
c-tag II 30% 20% 8.2
c-tag III 50% 20% 3.8

�450 �300 �150 0 150 300 450
µc

�2.0

�1.5

�1.0

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

µ
b

.

ATLAS tight-tight

ATLAS med-med

CMS med1-med1

CMS med1-loose

combined 68% CL

combined 95 % CL

HL-LHC:
p

s =14 TeV, L= 3 ab�1, pp ! hh ! bb̄��

Lina Alasfar , Humboldt-Universität zu Berlin ��

c-tag I based on ATLAS scharm analysis (1501.01325), c-tag I and II based on ATLAS-
TDR-19 and ATLAS-PHYS-PUB-018-2015  
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